Although noroviruses cause the vast majority of nonbacterial gastroenteritis in humans, little is known about their life cycle, including viral entry. Murine norovirus (MNV) is the only norovirus to date that efficiently infects cells in culture. To elucidate the productive route of infection for MNV-1 into murine macrophages, we used a neutral red (NR) infectious center assay and pharmacological inhibitors in combination with dominantnegative (DN) and small interfering RNA (siRNA) constructs to show that clathrin-and caveolin-mediated endocytosis did not play a role in entry. In addition, we showed that phagocytosis or macropinocytosis, flotillin-1, and GRAF1 are not required for the major route of MNV-1 uptake. However, MNV-1 genome release occurred within 1 h, and endocytosis was significantly inhibited by the cholesterol-sequestering drugs nystatin and methyl-␤-cyclodextrin, the dynamin-specific inhibitor dynasore, and the dominant-negative dynamin II mutant K44A. Therefore, we conclude that the productive route of MNV-1 entry into murine macrophages is rapid and requires host cholesterol and dynamin II.
Murine noroviruses (MNV) are closely related to human noroviruses (HuNoV), the causative agent of most outbreaks of infectious nonbacterial gastroenteritis worldwide in people of all ages (4, 8, 19, 31, 43, 46, 83) . Although a major public health concern, noroviruses have been an understudied group of viruses due to the lack of a tissue culture system and small animal model. Since the discovery of MNV-1 in 2003 (27) , reverse genetics systems (10, 81) , a cell culture model (84) , and a small animal model (27) have provided the tools necessary for detailed study of noroviruses.
One largely unexplored aspect of norovirus biology is the early events during viral infection that are essential during viral pathogenesis. One of these early events is the attachment of the virus particle to the host. Attachment is mediated by the protruding domain of the MNV-1 capsid (29, 30, 73) . For at least three strains (MNV-1, WU-11, and S99), the attachment receptor on the cell surface of murine macrophages is terminal sialic acids, including those found on the ganglioside GD1a (72) . The use of carbohydrate receptors for cell attachment is shared with HuNoV, which utilize mostly histo-blood group antigens (HBGA) (18, 34, 70, 71) . These carbohydrates are present in body fluids (saliva, breast milk, and intestinal contents) and on the surface of red blood cells and intestinal epithelial cells (33) . Some HuNoV strains also bind to sialic acid or heparan sulfate (60, 69) . However, despite evidence that for HuNoV HBGA are a genetic susceptibility marker (35) , the presence of attachment receptors is not sufficient for a productive infection for either HuNoV (24) or MNV-1 (72) . Although the cellular tropism of HuNoV is unknown, MNV infects murine macrophages and dendritic cells in vitro and in vivo (80, 84) . Following attachment, MNV-1 infection of murine macrophages and dendritic cells can proceed in the presence of the endosome acidification inhibitor chloroquine or bafilomycin A1, suggesting that MNV-1 entry occurs independently of endosomal pH (54) . However, the cellular pathway(s) utilized by MNV-1 during entry remains unclear.
Viruses are obligate intracellular pathogens that hijack cellular processes to deliver their genome into cells. The most commonly used endocytic pathway during virus entry is clathrin-mediated endocytosis (41) . Clathrin-coated vesicles form at the plasma membrane, pinch off by the action of the small GTPase dynamin II, and deliver their contents to early endosomes (12) . For example, vesicular stomatitis virus (VSV) enters cells in this manner (66) . However, viruses can also use several clathrin-independent pathways to enter cells, some of which require cholesterol-rich microdomains (i.e., lipid rafts) in the plasma membrane (56) . The best studied of these is mediated by caveolin and was initially elucidated through studies of simian virus 40 (SV40) entry (1) . SV40 uptake occurs via caveolin-containing vesicles that are released from the plasma membrane in a dynamin II-dependent manner and later fuse with pH-neutral caveosomes (28, 48, 53) . Although caveolinmediated endocytosis is a well-characterized form of cholesterol-dependent endocytosis, other entry mechanisms exist that are clathrin and caveolin independent (5, 14, 55, 57-59, 64, 78) . In addition, macropinocytosis and/or phagocytosis can also play a role in viral entry (11, 13, 21, 36, 40, 42, 44, 45) . However, the requirement for dynamin II in these processes is not fully understood.
Viral entry has been addressed primarily by pharmacologic inhibitor studies, immunofluorescence and electron microscopy, transfections of dominant-negative (DN) constructs, and more recently by small interfering RNA (siRNA) knockdown. Each of these approaches has some limitations; thus, a combination of approaches is needed to elucidate the mechanism of viral entry into host cells. For example, using electron and fluorescence microscopy, which require a high particle num-ber, does not allow the differentiation of infectious and noninfectious particles. Alternatively, the use of pharmacological inhibitors can result in off-target effects, including cytotoxicity. A recent approach used the photoreactive dye neutral red (NR) in an infectious focus assay to determine the mechanism of poliovirus entry (6) . Cells were infected in the dark in the presence of neutral red, and virus particles passively incorporated the dye. Upon exposure to light, the neutral red dye cross-linked the viral genome to the viral capsid, thus inactivating the virus. Infectious foci were counted several days later. This assay was performed in the presence of various pharmacologic inhibitors of endocytosis. When an inhibitor blocked a productive route of infection, the number of infectious foci was significantly less than that for an untreated control. Major advantages of this technique over traditional assays are the ability to treat cells with pharmacologic inhibitors only during the viral entry process, the reduction of cytotoxicity, and the ability to infect with a low multiplicity of infection (MOI). Furthermore, infectious virus that is prohibited from uncoating is inactivated by illumination. Therefore, only virus particles leading to a productive infection in the presence or absence of the various inhibitors are measured. We successfully adapted this assay for use with MNV-1. Together with the use of pharmacological inhibitors, DN constructs, and siRNA knockdown, we demonstrate that the major MNV-1 entry pathway into murine macrophages resulting in a productive infection occurred by endocytosis and not phagocytosis or macropinocytosis in a manner that was clathrin and caveolin 1, flotillin 1, and GRAF1 independent but required dynamin II and cholesterol.
MATERIALS AND METHODS
Cell culture and mice. RAW 264.7 cells were purchased from ATCC (Manassas, VA) and maintained as previously described (84) . Swiss Webster mice were purchased from Charles River. Caveolin-1 knockout mice (number 004585) and matched control mice (B6129SF2/J, number 101045) were purchased from Jackson Laboratories. Bone marrow-derived macrophages (BMDMs) were isolated as previously described (84) .
Virus stocks. The plaque-purified MNV-1 clone (GV/MNV1/2002/USA) MNV-1.CW3 was used at passage 6 for all experiments (74) . To generate NRcontaining viral stocks, all activities were carried out in the dark. RAW 264.7 cells were infected with MNV-1 at an MOI of 0.05 and incubated for 40 h in the presence of 10 g/ml neutral red (Sigma-Aldrich, MO; N2880). Cells were freeze-thawed twice to release virus, and single-use aliquots were stored at Ϫ80°C. All NR virus preparations exhibited a minimum two-log reduction in viral titers upon light exposure as determined by plaque assay compared to a control virus not exposed to light. Vesicular stomatitis virus (Indiana strain) was propagated in Vero cells, and single-use aliquots were stored at Ϫ80°C.
Growth curves (dynasore inhibition). RAW 264.7 cells or BMDMs were plated at 2 ϫ 10 5 cells/ml in 12-well plates and allowed to attach overnight. Cells were then incubated with the indicated concentrations of dynasore (SigmaAldrich, MO) in dimethyl sulfoxide (DMSO) or vehicle control for 30 min. Cells were infected with MNV-1 or VSV at the indicated MOI in the presence of dynasore or vehicle control for 60 min on ice. The cells were washed and fresh media containing inhibitor added. Infection was allowed to proceed until the indicated time point, when the cells were freeze-thawed twice, and viral titers were determined by plaque assay as previously described (84) .
Immunofluorescence assay. RAW 264.7 cells or BMDMs were plated at 2 ϫ 10 5 cells/ml in 6-well plates containing sterile glass coverslips (Fisher Scientific) and allowed to attach overnight. Cells were then incubated with the indicated concentrations of methyl-␤-cyclodextrin (M␤CD) (Sigma-Aldrich, MO), fetal bovine serum (FBS) and M␤CD, or vehicle control (DMSO) for 60 min. Cells were infected with MNV-1 or VSV at the indicated MOI in the presence of inhibitor or vehicle control for 60 min on ice. Cells were washed and fresh media containing inhibitor added. Infection proceeded until the indicated time point when the cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 min, washed once with PBS, and stained for the viral nonstructural protein VPg (81) or VSV matrix (38) as previously described (54) . Briefly, cells were incubated with a monoclonal mouse antibody raised against MNV-1 VPg (81) diluted 1:5,000 or VSV matrix (38) diluted 1:10,000 in wash buffer (PBS, 1% bovine serum, 1% goat serum, 0.1% Triton X-100) for 1 h. Cells were then washed three times with wash buffer before incubation with an Alexa 594-conjugated goat anti-mouse antibody diluted 1:5,000 (Invitrogen, CA) for 1 h. Cells were washed three times as described above and mounted using Prolong Gold Antifade with DAPI (4Ј, 6-diaminidino-2-phenylindole) (Invitrogen, CA). A total of 500 DAPI-stained cells were examined using the Olympus IX70 inverted microscope at the Center for Live Cell Imaging at the University of Michigan. Cells that had an average fluorescence intensity of at least three times the average background fluorescence intensity as determined by the Metamorph Premier version 6.3 image analysis software (Molecular Devices, Downington, PA) were counted as infected cells. The number of infected cells was then normalized to the no-treatment control.
NR assay. RAW 264.7 cells were plated at 1 ϫ 10 6 cells/ml in 6-well plates and allowed to attach overnight. For pretreatments, cells were incubated with the indicated concentrations of chloroquine, neuraminidase, dynasore, chlorpromazine, sucrose, nystatin, cytochalasin D, amiloride (EIPA [5-ethyl-N-isopropyl amiloride]) (all purchased from Sigma-Aldrich, MO), or vehicle control for 30 min, or 60 min for M␤CD. Cells were infected with MNV-1 at an MOI of 0.001 in the presence of inhibitor or vehicle control. After 60 min, the cells were illuminated, and a plaque assay was performed by adding an agarose overlay and staining cells with neutral red after 48 to 72 h. In the case of chlorpromazine and sucrose treatments, cells were infected only for 30 min to maintain cell viability. To assess the nonspecific effects of drugs on later stages of the viral life cycle (posttreatment), cells were infected for 60 min at an MOI of 0.001 in the absence of inhibitors, the infection was stopped by illumination, and inhibitors were added back at the same concentration and length of time as the pretreatments. To determine the dynamic range of the experiment, untreated cells were infected at an MOI of 0.001 and illuminated immediately after addition of virus (0 min) or 60 min after addition of virus.
WST-1 cell viability assay. RAW 264.7 cells and BMDMs were plated at 2 ϫ 10 5 cells/ml in a 96-well plate. Cells were pretreated with chloroquine, neuraminidase, dynasore, chlorpromazine, sucrose, nystatin, cytochalasin D, amiloride (EIPA) (all purchased from Sigma-Aldrich, MO), or vehicle control for 30 min, or 60 min for M␤CD. Cells were then treated in the presence of inhibitor or vehicle control for the length of time indicated (Table 1) . M␤CD combination treatments were performed by 1-h treatment of M␤CD followed by 60-min treatment of the other drug in media lacking FBS. At that time, media were removed, and media containing 10% WST-1 reagent (Roche) were added to cells. Cell viability was determined following the manufacturer's recommendations at 120 min after addition of reagent.
Transfection of RAW 264.7 cells. Cells were plated at a density of 4.0 ϫ 10 5 cells/ml in 6-well plates and allowed to attach overnight. The following day, cells were transfected using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. Briefly, media were replaced with Optimem media (Invitrogen), and a transfection solution containing 5 g of plasmid DNA and 8 l of Lipofectamine 2000 (Invitrogen) was prepared. Cells were incubated with the transfection reagent for 8 h and washed with media. Cells were infected 48 h after transfection with MNV-1 as described above. At 12 h postinfection (hpi), infected cells were processed for immunofluorescence analysis as described above. However, instead of quantitating 500 DAPI-stained cells, 500 DAPI-stained and green fluorescent protein (GFP)-expressing cells with an average fluorescence intensity at least three times the background's average fluorescence intensity were quantitated as infected cells. Western blot analysis. Whole-cell lysates from siRNA-transfected RAW 264.7 cells were generated by adding 2ϫ SDS-PAGE sample buffer to cells. Samples were boiled for 5 min and separated by SDS-PAGE. Proteins were then transferred to nitrocellulose (Bio-Rad). Membranes were blocked in 5% nonfat dry milk and incubated with primary antibodies and then with horseradish peroxidase in 5% nonfat dry milk. The following antibodies were used: clathrin heavy chain (no. 610500; BD Transduction Laboratories), caveolin 1 (no. 610406; BD Transduction Laboratories), flotillin-1 (no. sc-25506; Santa Cruz Biotech), and GRAF1 (kindly provided by R. Lundmark, Umea University, Sweden) (37) . Band densities were determined using Adobe Photoshop (CA). Briefly, a selection box was created around the band of interest, and the mean pixel intensity determined. The same selection box was used for other bands, and also a region without a signal was used as a background control. The mean pixel intensity of the background control was subtracted from all other mean pixel intensities. The background-subtracted mean pixel intensities were normalized to the value for the nontargeting (NT) siRNA sample, which was set to 100%.
Fluorescent transferrin and cholera toxin subunit B internalization assay. RAW 264.7 cells or BMDMs were plated at 2 ϫ 10 5 cells/ml in 6-well plates containing sterile glass coverslips (Fisher Scientific) and allowed to attach overnight. Cells were pretreated with increasing concentrations of chlorpromazine, sucrose, nystatin, or vehicle control for 30 min, or 60 min for M␤CD. Cells were then incubated in 10 g/ml fluorescently labeled cholera toxin subunit B (Invitrogen) or 50 g/ml transferrin (Invitrogen, CA) in the presence of inhibitor. Cells were washed, and media containing inhibitor or vehicle control were added back for 5 min for transferrin or 60 min for cholera toxin subunit B. Cells were fixed in 4% paraformaldehyde and mounted with Prolong Gold Antifade with DAPI (Invitrogen, CA). Cells were examined using the Olympus IX70 inverted microscope at the Center for Live Cell Imaging at the University of Michigan, and images were acquired using the Metamorph Premier version 6.3 image analysis software (Molecular Devices, Downington, PA).
Listeria monocytogenes infection of RAW 264.7 cells. RAW 264.7 cells were plated at 2 ϫ 10 5 cells/ml in 6-well plates containing sterile glass coverslips (Fisher Scientific) and allowed to attach overnight. Cells were pretreated with increasing concentrations of cytochalasin D, amiloride (EIPA), or vehicle control. Listeria monocytogenes strain 10403S (a kind gift from M. O'Riordan, University of Michigan, Ann Arbor, MI) was grown overnight to an optical density at 600 nm (OD 600 ) of 1.2 in brain heart infusion (BHI; Sigma Aldrich). Bacteria were pelleted and resuspended in PBS. Cells were infected at an MOI of 1 for 30 min at 37°C. Cells were washed with PBS and 50 g/ml gentamicin (Fisher Scientific) added to inhibit replication of noninternalized bacteria. After 1 h postinfection, cells were lysed in sterile water and plated onto LB plates. CFU were quantitated 24 h after incubation at 37°C and normalized to the vehicle control.
Statistics. Error bars in the figures represent the standard error between independent experiments. Statistical analysis was performed using Prism software version 5.01 (GraphPad Software, CA). The two-tailed Student t test was used to determine statistical significance.
RESULTS
Development of a neutral red infectious center assay to study MNV-1 entry. Viral entry is studied by a combination of different methods, one of which is the inhibition of proteins critical for specific endocytic pathways with pharmacologic inhibitors. However, these inhibitors often have off-target effects, including cytotoxicity for the cell type analyzed. To address this, we empirically determined minimal effective concentrations for RAW 264.7 cells or BMDMs that inhibited uptake of fluorescently labeled transferrin and cholera toxin subunit B ( Fig. 1 ) and measured cell viability (Table 1) at these concentrations by WST-1 (Roche), which measures mitochondrial dehydrogenase activity, for all inhibitors used. Cell viability was mostly unaffected at the concentrations used and typically remained above 80% of that of untreated controls. A significant reduction in the signal intensity of fluorescently labeled transferrin was observed for both chlorpromazine-and sucrose-treated cells but not after M␤CD treatment compared to untreated cells ( Fig. 1A to E), indicating a block in transferrin uptake. Although the intensity of the fluorescently labeled cholera toxin subunit B signal did not significantly change, the localization of the signal shifted from a mainly punctate cytoplasmic signal to a predominantly plasma membrane location after treatment of cells with M␤CD or nystatin compared to untreated cells or cells treated with M␤CD with FBS that had reconstituted cholesterol levels ( Fig. 1F to I ). This suggests that cholera toxin subunit B was no longer efficiently internalized in the presence of these concentrations of M␤CD and nystatin.
In addition, we adapted an assay to study the productive entry of MNV-1 using abbreviated treatments of pharmacological inhibitors as another way to limit off-target effects, including cytotoxicity. We modified the neutral red infectious center assay published for poliovirus, which quantitatively determines the number of viral entry events leading to a productive infection (6) . MNV-1 stocks were generated in the presence of the vital dye neutral red. The neutral red dye passively incorporates into the virus particle. Upon illumination, the dye activates and cross-links proteins and nucleic acids. Since the dye and viral genome are trapped in the virion, viral genome that has not been uncoated will be cross-linked irreversibly to the protein capsid, thus inactivating the virus particle. However, the process of viral uncoating allows the neutral red and viral genome to disassociate and thereby become light insen- Fig. 2A) . This revealed that approximately 100% of NR-containing MNV-1 becomes light insensitive 60 min after addition to RAW 264.7 cells (Fig. 2B ).
This indicated that the kinetics of RNA release (i.e., uncoating) as measured by this assay had a half-life (t 1/2 ) of 33 Ϯ 2 min. This is similar to data from poliovirus genome release in HeLa cells (t 1/2 ϭ 22 Ϯ 3 min) (6) .
To verify the applicability of the NR assay for studying MNV-1 entry, we determined the effect of two known inhibi-FIG. 1. Uptake of fluorescently labeled transferrin is inhibited by a hypotonic solution of sucrose or chlorpromazine. RAW 264.7 cells were incubated with vehicle control (A, D, and G), chlorpromazine (B), a hypotonic solution of sucrose (C), or nystatin (F) for 30 min or M␤CD (E and H) or M␤CD and 10% FBS (I) for 60 min before incubation with 50 g/ml fluorescently labeled transferrin (A to E) or 10 g/ml fluorescently labeled cholera toxin subunit B (F to I). Cells were washed and media containing inhibitor or vehicle control added back for 5 min for transferrin or 60 min for cholera toxin subunit B. Cells were fixed in 4% paraformaldehyde and mounted with Prolong Gold Antifade with DAPI (Invitrogen, CA). Cells were examined using an Olympus IX70 inverted microscope and images acquired using the Metamorph Premier version 6.3 image analysis software (Molecular Devices, Downington, PA).
tors: chloroquine, an endosomal acidification inhibitor, and Vibrio cholerae neuraminidase, an enzyme that hydrolyzes terminal sialic acids on the host cell surface (54, 72) . These inhibitors have either no effect on MNV-1 entry (chloroquine) (54) or significantly decrease MNV-1 infection in murine macrophages (Vibrio cholerae neuraminidase) (72) . RAW 264.7 cells were pretreated with 200 M chloroquine or 2.5 mU/ml Vibrio cholerae neuraminidase for 30 min prior to infection with NR-containing MNV-1 in the dark for 60 min at an MOI of 0.001. RAW 264.7 cells were then exposed to light for 10 min, washed, and incubated for 48 to 72 h with an agarose media overlay, and virus plaques were quantitated (Fig. 2C) . To ensure that the inhibitors did not exhibit off-target effects on stages of the viral life cycle other than entry, a posttreatment (Fig. 2D ) was performed for each inhibitor. These treatments were performed for each inhibitor assayed and equaled the length of the pretreatment. Consistent with our published results (54, 72) , MNV-1 entry as measured by the NR assay was not inhibited by pretreatment of cells with 200 M chloroquine but was inhibited by pretreatment with Vibrio cholerae neuraminidase, validating the NR assay (Fig. 2E) . Posttreatment of cells with 200 M chloroquine did not inhibit MNV-1 infection, confirming it has no effect on other stages of the viral life cycle (Fig. 2E) . However, posttreatment of Vibrio cholerae neuraminidase led to a significant decrease in viral infection (Fig. 2E) . We reasoned that this was due to the dependence of viral infection and spread on sialic acid (i.e., development of plaques). Therefore, we transferred cells to an untreated monolayer of RAW 264.7 cells to circumvent this potential problem. RAW 264.7 cells were infected for 60 min with MNV-1 and illuminated to inactivate virus. Cells were then treated with Vibrio cholerae neuraminidase for 90 min, washed, scraped from the plate, and added to an untreated monolayer of RAW 264.7 cells (posttransfer). No significant reduction in MNV-1 infection was observed (Fig. 2E) . This demonstrated that MNV-1 entry but not later steps of the viral life cycle were inhibited by Vibrio cholerae neuraminidase. Taken together, these results confirm studies from our laboratory (54, 72) that MNV-1 enters RAW 264.7 cells in a sialic acid-dependent but pH-independent manner and validate the use of the NR assay for studying the infectious entry pathway of MNV-1.
MNV-1 entry into murine macrophages requires dynamin II. Dynamin II is a small GTPase that functions by pinching off endosomes from the cell's plasma membrane (68) . Its function is required for clathrin-, caveolin-, and cholesterol-dependent endocytosis pathways but not clathrin-and caveolin-independent processes (17, 41) . The activity of dynamin II in phagocytosis has been suggested, but various mechanisms of viral entry through phagocytosis do not require it (12) . To determine the role of dynamin II during MNV-1 infection, we obtained the small molecule inhibitor dynasore, which specifically inhibits dynamin I, dynamin II, and Drp 1 (39) . Dynamin I is activated only in neuronal cells, and Drp 1 is confined to the mitochondria (49, 67) . Therefore, we reason that dynasore affects dynamin II in murine macrophages. RAW 264.7 cells were pretreated and infected at an MOI of 5 with MNV-1 or VSV in the presence of increasing amounts of dynasore or DMSO, and viral titers were determined 8 h postinfection (Fig.  3A) . MNV-1 viral titers were significantly inhibited by dynasore pretreatment in a dose-dependent manner with an approximately 1.5-log inhibition in viral titers at 80 M dynasore (Fig. 3A) . VSV, a virus that requires dynamin II for its uptake via clathrin-mediated endocytosis (66) , was used as a positive control and showed a significant decrease in viral titers at both concentrations of dynasore. Similar results were observed when BMDMs were infected, although higher effective concentrations of dynasore were needed in primary cells (Fig. 3B) . Cell viability of treated cultured and primary macrophages was not significantly affected at these concentrations of inhibitor (Table 1) . These results demonstrated that dynamin II plays a role in MNV-1 infection.
To further validate these results and look at earlier stages in the viral life cycle, the effect of the dynamin II DN construct K44A (7) on MNV-1 nonstructural gene expression was tested. Due to the poor transfection efficiency of primary macrophages, these experiments were performed only with RAW 264.7 cells. Cells were transfected with GFP-tagged wt and DN constructs. After 48 h, RAW 264.7 cells were infected with MNV-1 and VPg expression was measured by immunofluorescence assay as previously described (54) . The number of cells expressing VPg was quantitated and normalized to GFPtagged wt dynamin II-expressing cells. A significant decrease in cells expressing VPg was observed with the DN construct compared to the wt control (Fig. 3C) . These results demonstrated that MNV-1 gene expression requires dynamin II.
To determine the role of dynamin II during MNV-1 entry, we tested the effect of dynasore in the NR assay (Fig. 3D) . Cell viability of treated cells was unaffected at these concentrations (Table 1) . RAW 264.7 cells were pretreated with dynasore or vehicle control for 30 min and infected with NR-containing MNV-1, and the NR assay was performed as described above. A significant decrease in the number of plaques was observed for the pretreatment but not posttreatment samples, indicating MNV-1 entry required dynamin II. Together, these results demonstrated that dynamin II plays a role during MNV-1 entry into murine macrophages. However, the inability to completely block viral entry suggested a dynamin II-independent form(s) of endocytosis may also play a role during MNV-1 entry.
MNV-1 entry into murine macrophages is clathrin independent. Clathrin-mediated endocytosis requires dynamin II (16) . In addition, feline calicivirus (FCV), a member of the calicivirus family, like MNV-1, has been shown to enter cells through this process (65) . Therefore, we determined the role of clathrin during MNV-1 entry. To test this, we first used two pharmacologic inhibitors of clathrin-mediated endocytosis, chlorpromazine and a hypotonic solution of sucrose, in the NR assay. Chlorpromazine is an inhibitor of clathrin lattice polymerization (79), while a hypotonic solution of sucrose inhibits clathrin-coated pit formation in the plasma membrane (26) . However, both inhibitors have known off-target effects (26, 63). Furthermore, these inhibitors are relatively cytotoxic to RAW 264.7 cells. To maintain cell viability above 80% and minimize side effects, RAW 264.7 cells were pretreated for 30 min with 40 g/ml chlorpromazine or 300 mM sucrose, and the infection (performed in the presence of inhibitor) was reduced to 30 min. At these concentrations, we observed a significant decrease in the uptake of fluorescently labeled transferrin, a known clathrin-mediated endocytosis cargo protein (15), but not of fluorescently labeled cholera toxin B subunit (Fig. 1B and C and data not shown). We saw no significant reduction in MNV-1 entry with either chlorpromazine or sucrose treatment (Fig. 4A) . Furthermore, posttreatment with these inhibitors did not affect MNV-1 infection (Fig. 4A) . These results suggested MNV-1 entry is clathrin independent.
To confirm this finding, we tested wt and DN constructs of EPS 15, a required adaptor protein for clathrin-mediated endocytosis, for their effect on MNV-1 gene expression (Fig. 4B) . EPS 15 directly links cargo proteins with the clathrin-coated pit adaptor protein 2 (AP-2) (3). Overexpression of the DN construct of EPS 15 selectively inhibits this process. RAW 264.7 were transfected with plasmids expressing GFP alone, GFPtagged wt EPS 15, or GFP-tagged DN EPS 15 prior to infection, and virus-infected cells were quantitated by staining for VPg (Fig. 4B) . We observed no significant change in the number of VPg-expressing cells in DN EPS 15 compared to those of wt-transfected or GFP-alone controls. These results further support the idea that clathrin played no role during MNV-1 infection.
However, not all clathrin-mediated endocytosis cargo requires EPS 15 (62). Therefore, we tested the role of clathrin during MNV-1 infection by siRNA knockdown of clathrin heavy chain (CHC). We obtained siRNA transfection efficiencies of over 93% for RAW 264.7 cells as determined by fluorescence-activated cell sorter analysis using a fluorescently labeled Accell siRNA construct from Dharmacon (data not shown). RAW 264.7 cells were transfected with an Accell siRNA for the CHC or an NT siRNA and infected with MNV-1 or VSV for 12 h at an MOI of 10. Infected cells were quantified by immunofluorescence as described above and stained for MNV-1 VPg or the VSV matrix protein (Fig. 4C) . No significant decrease of VPg-expressing cells was observed with CHC-compared to NT-transfected cells after MNV-1 infection (Fig. 4C) . In contrast, a significant decrease of matrix-expressing cells was observed in CHC-compared to NTtransfected cells after VSV infection (Fig. 4C) . This is consistent with a previous study in which CHC knockdown significantly reduced VSV infection (66) . In addition, depletion of CHC was confirmed by analyzing protein levels of CHC by immunoblotting (Fig. 4D) . CHC protein levels in CHC siRNA-expressing cells were reduced to 26% Ϯ 12% of wt levels in NT siRNA-expressing cells. Taken together, these data demonstrated that clathrin plays no role in MNV-1 entry or infection.
MNV-1 entry into murine macrophages is caveolin 1 independent. Another pathway dependent on dynamin II is caveolin-mediated endocytosis (25, 50) . Caveolin 1-associated vesi- cles can traffic to acidic early endosomes (52) or neutral pH caveosomes (53) . Furthermore, previous data from our laboratory have shown that MNV-1 infection of murine macrophages and dendritic cells is not inhibited by the endosome acidification inhibitor bafilomycin A or chloroquine (54) . Trafficking of MNV-1 to a pH-neutral compartment, such as the caveosome, would be consistent with this observation. Therefore, we next tested the hypothesis that MNV-1 enters cells in a caveolin 1-dependent manner. BMDMs were isolated from caveolin 1 knockout and matched wt control mice. Both wt and knockout BMDMs were infected with MNV-1 at an MOI of 2 and viral titers determined by plaque assay (Fig. 5A) . No statistically significant decrease in viral titers was observed with the knockout BMDMs compared to the wt control cells over the examined time course (Fig. 5A) , although knockout cells consistently produced slightly less MNV-1 than wt cells. Infections using MOIs of 0.5 and 0.05 also showed no significant decrease between the caveolin 1 knockout and wt macrophages (data not shown). These findings suggested that caveolin 1 does not play a significant role during MNV-1 infection.
To confirm these results, a caveolin 1 DN construct was also tested for its effect on MNV-1 viral gene expression. Fusion of GFP to the amino terminus of caveolin 1 prevents caveolin dimerization, and overexpression of this construct functions as a DN inhibitor (53) . RAW 264.7 cells were transfected with the GFP-tagged DN construct of caveolin 1 and a control plasmid expressing only GFP and infected with MNV-1. No significant decrease in the number of VPg-expressing cells was observed in cells transfected with the DN caveolin 1 construct compared to the GFP control-transfected cells (Fig. 5B) . A trend toward a slightly decreased amount of infected cells was observed with RAW 264.7 cells, as was observed with BMDMs.
These results were also confirmed by siRNA knockdown of caveolin 1. An Accell siRNA (Dharmacon) targeted to caveolin 1 or an NT control siRNA was transfected into RAW 264.7 cells. Cells were infected with MNV-1 as described above and VPg-expressing cells enumerated. No significant decrease in the number of VPg-expressing cells was observed in the caveolin 1 siRNA-transfected cells compared to the NT control siRNA-transfected cells (Fig. 5C ). Again, a slight but not statistically significant decrease in MNV-1 gene expression in caveolin 1 siRNA-transfected cells was observed, suggesting a potentially minor role for caveolin 1 during MNV-1 infection. Depletion of caveolin 1 in cells was confirmed by analyzing protein samples by immunoblotting (Fig. 5D) . The relative knockdown of caveolin 1 was at 9% Ϯ 4% of wt levels. Together, these data demonstrate that caveolin 1 did not play a major role in MNV-1 infection of murine macrophages.
MNV-1 entry into murine macrophages is independent of phagocytosis and/or macropinocytosis. MNV-1 has a tropism for macrophages and dendritic cells (80, 84) . These antigenpresenting cells are professional phagocytes (23) , raising the possibility that MNV-1 entry occurs via phagocytosis. Furthermore, there is increasing evidence for the importance of macropinocytosis and/or phagocytosis as a mechanism for viral entry (45) . Interestingly, although not a requirement, dynamin II can play a role in this process (reviewed in reference 45). Experimentally, however, it is difficult to separate the mechanisms of macropinocytosis and phagocytosis due to the similarities of these processes (reviewed in reference 45). Therefore, we are unable to distinguish an individual requirement of MNV-1 entry for either macropinocytosis or phagocytosis.
To address the importance of phagocytosis/macropinocytosis as an entry mechanism for MNV-1, we examined the effect of cytochalasin D, an inhibitor of actin polymerization, and 5-ethyl-N-isopropyl amiloride (EIPA), an inhibitor of macropinocytosis that blocks Na ϩ /H ϩ exchange (82), on MNV-1 entry using the NR assay. Effective concentrations of these inhibitors in RAW 264.7 cells were determined by testing the internalization of the bacterium L. monocytogenes into RAW 264.7 cells in the presence of 10 M cytochalasin D and 200 M EIPA (Fig. 6A) . Listeria monocytogenes entry into macrophages is dependent on phagocytosis, and uptake is inhibited by cytochalasin D (75) . Cell viability of treated cells was unaffected at these concentrations of inhibitors (Table 1) . Pretreatment of cells with cytochalasin D or EIPA did not lead to a decrease in MNV-1 infection in the NR assay (Fig. 6B) . Instead, we observed a significant increase in the amount of MNV-1 entry in the presence of both inhibitors (Fig. 6B) . This may be because of the upregulation of a productive route of infection by the inhibitors. Alternatively, phagocytosis/macropinocytosis may be a degradative pathway for MNV-1, and blocking this pathway leads to more viruses entering productive routes of infection. Posttreatment of cells with cytochalasin D had no significant effect on MNV-1 infection. Interestingly, posttreatment with EIPA showed a modest but significant decrease in the amount of MNV-1 infection (Fig.  6B) , suggesting that later stages of the MNV-1 life cycle after entry are partially dependent on Na ϩ /H ϩ exchange. Together, these data suggested that phagocytosis and/or macropinocytosis do not play a significant role in productive MNV-1 entry.
To validate this finding, we tested the requirement of Rac 1 during MNV-1 infection of RAW 264.7 cells. Rac 1 is a small GTPase required during remodeling of the cell's actin cytoskeleton to facilitate the massive membrane rearrangements necessary for phagocytosis (47) . A GFP-tagged wt or DN Rac1 construct was transfected into RAW 264.7 cells and then infected with MNV-1. VPg expression was analyzed by immunofluorescence as described above (Fig. 6C) . The number of VPg-expressing cells showed no significant decrease in the DN-transfected cells compared to the wt Rac 1-transfected cells (Fig. 6C) . Taken together, these data demonstrated that Rac 1, which is required for phagocytosis/macropinocytosis, is not essential during MNV-1 infection. However, it is possible that phagocytic mechanisms may play a minor role during later stages in MNV-1 infection, since we observed a decrease in viral infection after EIPA posttreatment and a slight (although not statistically significant) decrease in gene expression in the presence of DN Rac1.
MNV-1 entry into murine macrophages requires cholesterol. Another form of endocytosis that requires dynamin II is cholesterol-dependent/dynamin II-dependent endocytosis, currently an ill-defined process. Interleukin 2 receptor, the original marker protein for this endocytic pathway, was recently proposed to enter cells by a phagocytic process (22) . Some viruses also enter cells in a cholesterol-dependent/ dynamin II-dependent manner (51, 61, 77) . To address the role of cholesterol in MNV-1 entry, we performed entry and infection assays in the presence of the cholesterol-sequestering drugs M␤CD and nystatin. To determine the effect of these drugs on viral entry, RAW 264.7 cells were pretreated with 2 mM M␤CD for 1 h or 50 M nystatin for 30 min to maintain cell viability above 80% (Table 1) and infected with NR-containing MNV-1 (Fig. 7A ). We observed a significant decrease in the amount of virus entry in M␤CD-or nystatin-pretreated cells but not in cells with reconstituted cholesterol levels (i.e., M␤CD with FBS) (Fig. 7A) . No effect on MNV-1 titers was observed when cells were treated with these drugs after infection (posttreatment) (Fig. 7A ). This suggests cholesterol plays an important role during MNV-1 entry.
To verify these results for productive infection of primary macrophages, MNV-1 VPg gene expression was measured by immunofluorescence microscopy. Both RAW 264.7 cells and BMDMs were infected with MNV-1 for 12 h after pretreatment with M␤CD or M␤CD with FBS. Treatment with M␤CD but not M␤CD with FBS significantly decreased the number of infected cells in cultured and primary macrophages (Fig. 7B) , confirming the importance of cholesterol during MNV-1 infection in primary cells.
High concentrations of M␤CD not only inhibit cholesteroldependent mechanisms but can also affect clathrin-mediated endocytosis (76) . Therefore, we infected RAW 264.7 cells and BMDMs with VSV after pretreatment with 2 mM M␤CD and analyzed matrix protein expression by immunofluorescence. We observed no significant decrease in VSV matrix-expressing cells (data not shown). In addition, the uptake of fluorescently labeled transferrin as a marker of clathrin-mediated endocytosis was not affected by M␤CD pretreatment, while internalized fluorescently labeled cholera toxin subunit B was significantly decreased (Fig. 1E, H) . Hence, the levels of M␤CD used herein are specific for cholesterol-dependent mechanisms. In summary, these results demonstrated an important role for cholesterol during MNV-1 entry in murine macrophages.
Flotillin-1 or GRAF 1 plays no major role during MNV-1 infection of murine macrophages. To identify further markers of MNV-1 entry, we focused on two proteins, flotillin-1 and GRAF1. Although no role during virus entry has been published to date for these proteins, flotillin-1 is a ubiquitous protein that associates with noncaveolar membrane microdomains and plays a role in some cholesterol-dependent methods of endocytosis (2) . The small GTPase GRAF1 is required for another cholesterol-dependent pathway called CLIC (clathrinindependent carriers)/GEEC (GPI-enriched endocytic compartments) (37) . We first tested whether MNV-1 entry requires flotillin-1. An Accell siRNA from Dharmacon targeting flotillin-1 or an NT control siRNA was transfected into RAW 264.7 cells prior to MNV-1 infection, and the number of virus-infected cells was determined by staining for VPg (Fig. 8A) . No significant decrease in the number of VPg-expressing cells was observed with cells transfected with the flotillin-1 siRNA compared to those transfected with the NT control siRNA. This was despite the efficient knockdown of flotillin-1, which was confirmed by immunoblotting (Fig. 8B) . The flotillin-1 protein level in flotillin-1 siRNA-transfected cells was reduced to 19% Ϯ 10% of the protein level in cells transfected with NT siRNA (Fig. 8B) . These data suggest that flotillin-1 does not play a major role during MNV-1 infection.
The requirement for cholesterol and a direct interaction between GRAF1 and dynamin II prompted us to determine whether GRAF 1 is required for MNV-1 infection. RAW 264.7 cells were transfected with a GRAF 1 and an NT siRNA, infected with MNV-1, and analyzed for VPg expression. No significant decrease in VPg-expressing cells was observed in GRAF 1 siRNA-treated cells compared to the NT control (Fig.  8C) . This was despite the successful knockdown of GRAF 1 (protein levels were reduced to 38% Ϯ 12% of the wt protein level) (Fig. 8D) . This demonstrated that GRAF1 does not play a major role in MNV-1 uptake into macrophages, but, due to the level of GRAF 1 knockdown, a requirement of GRAF 1 in a minor route(s) of entry cannot be ruled out. Taken together, these data suggest that the major route of entry for MNV-1 is independent of flotillin-1 and GRAF1.
MNV-1 entry does not use clathrin-mediated endocytosis, caveolin-mediated endocytosis, and/or phagocytosis as a minor route of productive infection. Overall, our data demonstrate a role for both dynamin II and cholesterol during MNV-1 entry. However, no pharmacologic treatment or expression of DN construct was able to decrease MNV-1 entry or VPg expression below 20% (Fig. 3, dynasore treatment) . Under most conditions, we observed a decrease of about 50% in RAW 264.7 cells and slightly less in BMDMs. This suggested that either these inhibitors or DN constructs are unable to fully inhibit these processes or that the virus can productively enter the cell by more than one pathway. Virus entering cells via multiple routes has previously been reported, e.g., influenza A virus (32) and SV40 (14) . To test the hypothesis that MNV-1 enters cells by more than one productive pathway, we tested combinations of inhibitors in the NR assay (Fig. 9) . We pretreated RAW 264.7 cells with combinations of M␤CD and other inhibitors (nystatin, chlorpromazine, dynasore, cytochalasin D, and EIPA), infected the cells with NR-containing MNV-1, and performed the NR assay. No significant decrease in MNV-1 entry was observed in the combination treatments compared to the M␤CD-only treatment. Inhibition of dynamin II by addition of dynasore and M␤CD did not significantly decrease viral entry further compared to addition of M␤CD alone, suggesting that clathrin-mediated and caveolin-mediated endocytosis did not play a role in MNV-1 infection. Similar results were obtained with EIPA or cytochalasin D and M␤CD, suggesting that phagocytosis/macropinocytosis did not play a role during MNV-1 entry. Interestingly, a significant increase in viral entry was observed in M␤CD-and chlorpromazine-treated cells (Fig. 9) , despite a decrease of cell viability to approximately 60% of untreated controls (Table 1) . Taken together, these data suggest that clathrin-mediated endocytosis, caveolin-mediated endocytosis, and phagocytosis/macropinocytosis did not play minor roles during MNV-1 infection in RAW 264.7 cells.
DISCUSSION
Many viruses require the cellular mechanism of endocytosis to productively infect their host. The mechanism of entry during the productive route of infection for noroviruses has not been addressed previously due to the lack of an efficient cell culture system. However, it has been suggested that the early steps of infection, including entry, are the determinants of cell tropism for this understudied group of viruses (24) . Herein, we used a combination of pharmacologic inhibitor studies, dominant-negative mutants, and siRNA knockdowns, with a newly adapted neutral red assay to study the infectious route of entry of MNV-1. These data demonstrate that MNV-1 uptake occurs rapidly (within 1 h) and that the productive route of entry of MNV-1 into murine macrophages requires both host cholesterol and dynamin II. We also showed that the major route of MNV-1 infection of murine macrophages neither is clathrin, caveolin, flotillin-1, or GRAF1 dependent nor involves phagocytosis and/or macropinocytosis. During submission of this article, Gerondopoulos et al. published a report (20) (65) . Our data clearly demonstrated that clathrin does not play a role during the productive route of infection of murine macrophages by MNV-1 (Fig. 4) . This further highlights the differences during virus entry between these two viruses, as FCV (65) , in contrast to MNV-1 (54) , enters cells in a pH-dependent manner. Whether these entry differences reflect differences in the pathogenesis of a respiratory (FCV) versus an enteric (MNV-1) virus and/or differences in the examined cell types (epithelial cells versus macrophages) remains unknown. In addition, a requirement for host cholesterol during HuNoV replication is known. Inhibitors of cholesterol synthesis significantly reduced HuNoV replication in a HuNoV replicon system (9) . Although the direct role of cholesterol during MNV-1 replication was not addressed here, the common requirement for host cholesterol during MNV-1 and HuNoV infection suggests a conservation of cellular constituents during norovirus infection.
The mechanism of cholesterol-and dynamin II-dependent endocytosis is not well defined. Few viruses are reported to enter cells in this manner. Feline infectious peritonitis virus (FIPV) infection of monocytes, a macrophage precursor, is sensitive to the cholesterol-sequestering drug nystatin (but not M␤CD) and dynasore (77) . Group B coxsackievirus 3 (CVB3) infection of HeLa cells is inhibited by the dynamin II DN construct, K44A, dynasore, M␤CD, and filipin treatment (51) . Furthermore, rotavirus entry into MA104 cells is inhibited by the K44A DN mutant of dynamin II and by depletion of cholesterol with M␤CD but not the other cholesterol-sequestering drugs nystatin and filipin (61) . Similar to our results with MNV-1 ( Fig. 3 and 7) , inhibition of dynamin II or cholesterol depletion only partially reduced entry of FIPV, CVB3, and rotavirus. Whether this reflects an inherent ability of cells to compensate for blocked endocytic pathways and/or an ability of viruses to use more than one entry pathway remains unknown.
We investigated the role of alternative or minor routes of MNV-1 entry by treatments with combinations of inhibitors in the NR assay. Although no combination of inhibitors showed a significant decrease in the amount of MNV-1 entry over M␤CD treatment alone, we observed a significant increase in the amount of viral entry occurring in the presence of both M␤CD and chlorpromazine. This increase was observed despite a decrease in the cell viability to approximately 60% of the untreated control. Although the biological significance of this finding is unclear, this result suggested that MNV-1 can enter RAW 264.7 cells by a clathrin-and cholesterol-independent pathway that is upregulated by treatment with chlorpromazine and M␤CD.
In this report, we identified a requirement for cholesterol and dynamin II during MNV-1 entry. However, specific cellular targets of the host endocytic machinery interacting with MNV-1 during this stage in the viral life cycle remain elusive. Further definition of the mechanism of MNV-1 entry will not only better describe a poorly defined endocytic pathway but may also lead to the identification of cellular targets with antinoroviral potential.
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